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The isolated Au + -CO species are thermodynamically more favorable than the Au + -CO species on the Au cluster and as a result, our AIMD simulation showed the formation of isolated Au + -CO species. Here, we further consider the potential energy surface by using CINEB method. Based on simple geometry optimization, we found two types of CO adsorption at the interfacial Au sites depending on whether or not the Au is directly bonded to the surface oxygen. In reaction path 1, the Au + -CO species is not initially bonded with the surface oxygen, as a result, it experience a barrier of 0.62 eV to dissociate into an isolated Au + -CO species. In contrast, the Au + -CO species, which is initially bonded with the surface oxygen, only needs to overcome a barrier of 0.20 eV to form an isolated Au + -CO species. Overall, the energy barriers for dissociating the Au + -CO species are very low that is expected to happen frequently at room temperature. (The spline line is just used to fit the points for better viewing. The value at the stationary point represents the CO adsorption energy. 
Supplementary Methods
Test calculations. In our previous studies [1, 2] , we have tested our basis set and potential for Ce and chosen to deal with the excess electrons in CeO 2 using the DFT+U (U=7 eV) approach to best reproduce band gap, the location of gap state, and the work function, which ensures that the redox chemistry is
reproduced correctly. We also tested six isomers (Td, C1, C2v, C2h, Oh, D2h) of Au 20 and confirmed that exchange-correlation functional and basis set for Au give a reasonable description for the current system. Here we further consider a single Au atom adsorbed at oxygen site on the CeO 2 (111), comparable with previous studies [3, 4] . We found one Ce ion adjacent to the single Au was reduced to Ce 3+ with a net spin of 0.8. And the Au atom itself acquired a positive charge of +0.29|e| with no net spin, consistent with Liu's study [3] . These results indicates that the single Au at the oxygen site become to Au + by transferring one electron to the lattice Ce ion.
CO coverage.
Considering the binding energies, CeO 2 -supported Au 20 cluster is estimated to be able to bind up to 10 CO molecules and the average binding energy is 0.87 eV per CO. This result is consistent with our recent study 1 on TiO 2 -supported Au 20 cluster where we also found the system can at most bind 10 CO. Therefore in our MD simulations we consider relative high coverage of CO on the Au 20 cluster to explore the behavior of CO-induced reconstruction Free energy surface. To obtain the free energy surface for reintegrating of the single Au into the Au cluster from the oxygen defect, we carried out potential of mean force (PMF) simulations at 300 K by moving the single Au atom toward the Au cluster. In this approach we constrained the Au atom along the reaction coordinate defined by the distance x between the single Au atom and the oxygen defect which was the collective variable most consistent with our results based on, the CINEB calculation of the same process. The initial and final configurations are the geometry-optimized configurations, which are shown in Figure 3 in the main text (Configuration v and vi). The average force on the constrained coordinate, <F> was obtained by ensemble-averages from 9 independent AIMD simulations of duration of 2ps of equilibrated trajectory after 2ps of pre-equilibrated simulation time. Increments in dx were chosen to be 0.3-0.5Å apart depending on the steepness of the PMF to better estimate the free-energetics via thermodynamic integration. The force on each point in the PMF was ensured to converge to within ±0.001 a.u. The values of <F> were converted to a potential of mean force (PMF) based on the Blue-Moon ensemble method 5 . Integrating the average force along the reaction coordinate generated the free energy profile.
